Despite significant progress in understanding the biological systems and mechanisms involved in CNS disorders, use of this knowledge to realize practical gains in psychiatric care has been slow. To gain further insight into the reasons for failure and success in CNS drug discovery, preclinical predictors of success and failure for CNS drug discovery were evaluated for drugs developed for schizophrenia, depression, and anxiety. Specifically, we examined the success rate for drugs that had entered at least the later stages of preclinical research. Almost 500 compounds (140 antipsychotic; 211 antidepressant; 143 anxiolytic) were classified based on their molecular target(s) and evaluated based on preclinical validation, whether preclinical studies predicted clinical efficacy, and whether the compound displayed greater efficacy than 'conventional treatment' Results varied with indication but suggest that preclinical models have modest to good ability to predict overall clinical efficacy and adverse effect liability but are less able to predict efficacy greater than conventional treatment. In order to fully realize the potential therapeutic impact of recent basic science discoveries, it will be critical to increase attention on rigorous target validation at each step of the drug discovery process and focus efforts on developing new tools and clinical models that can be used for proof-of-concept studies in early clinical development. Also, increased attention should be focused on the development of early predictors of adverse effects of candidate compounds.
INTRODUCTION
Over the past decade, we have witnessed unparalleled advances in our understanding of the basic biological processes that contribute to many human disorders, although a detailed understanding of the etiology of complex psychiatric disorders remains elusive. The highly celebrated elucidation of the sequence of the human genome (Venter et al, 2001 ) and other recent advances promise to provide unprecedented opportunities for breakthrough discoveries leading to fundamental new insights into the functions of biological systems. These advances in turn will create unique opportunities to translate basic science advances into new therapeutic options for psychiatric diseases.
Despite this progress in understanding biological systems and mechanisms of disease, use of this knowledge to realize practical gains in psychiatric care has been slow. In fact, (see Tables 1-3 ; ) the five most widely prescribed psychiatric medications (sertraline, olanzapine, venlafaxine, risperidone, and quetiapine) share mechanisms of action with drugs discovered many decades ago (eg olanzapine, risperidone, and quetiapine with clozapine from the 1950s, venlafaxine with the tricyclic antidepressants in the 1950s, and sertraline with zimelidine in 1977). This lag between advances in basic biology and advances in therapeutics has occurred despite an enormous investment in biomedical research. The budget of the US National Institutes of Health was doubled in the late 1990s and early 2000s, while total spending by pharmaceutical companies for research and development grew from $2 to $32 billion between 1980 and 2002.
Historical Paradigms used for Psychiatric Drug Discovery
This decrease in the introduction of fundamentally new drugs into clinical practice during a time of increased knowledge and research spending stems in part from a fundamental shift in the basic paradigms used for drug discovery. In the early era of psychiatric drug discovery, all of the advances arose through serendipity (Ayd, 1991) . Thus, for example, the antipsychotic actions of chlorpromazine were discovered by chance when it was used as a preanesthetic agent in psychiatric patients (Delay et al, 1954) . The antimanic actions of lithium (Cade, 1949) and various anticonvulsants were also based on chance preclinical and clinical observations. Once a clinically effective compound was identified, thousands of derivatives were synthesized and then screened in preclinical models before being advanced to clinical trials. In many cases, preclinical models do not reliably predict relative therapeutic efficacy (Tables 1-3) . Thus, clozapine, the first atypical antipsychotic drug, was developed as a chlorpromazine analogue and was initially rejected as an antipsychotic drug because it failed to induce catalepsy in rodents. In terms of antipsychotic drug discovery, with the possible exceptions of aripiprazole and the substituted benzamides, a major goal has been to create clozapine mimetics devoid of the more serious side effects of clozapine. This goal has been largely successfully reached, although none of the currently available atypical antipsychotic drugs fully recapitulate the spectrum of clinical efficacies of clozapine (Meltzer et al, 2003) . As well, many of the currently available medications carry the risk of serious and potentially fatal adverse side effects, including weight gain and associated metabolic disturbances. Only in the past year has evidence for potential clinical efficacy of agents that act by a fundamentally different mechanism emerged (Patil et al, 2007) .
For anxiety and depression, the history is much the same. Thus, SSRIs, for example, share a mechanism of action with zimelidine which was discovered to be clinically effective for treating depression in the late 1970s (Benkert et al, 1977) , while the more recently launched SNRIs recapitulate the actions of the tricyclic antidepressants. Likewise, the most clinically effective treatments for the anxiety disorders remain the benzodiazepines (discovered in the 1950s) and various antidepressants including tricyclics and SSRIs.
More recently, molecular target-based approaches have been adopted by pharmaceutical companies and, although progress has been slow, there have been some intriguing recent successes using these approaches (Tables 1-3) wherein novel therapeutic options have been discovered. These include the observations that (1) agomelatine (a melatonin-1/2 receptor agonist and 5HT 2C antagonist) has antidepressant actions, (2) neurokinin-3 antagonists may be antipsychotic, and (3) mGluR2/3 agonists may be anxiolytic as well as antipsychotic. In each of these cases, there was scant preclinical evidence available to indicate that these would provide validated targets for drug discovery (Tables 1-3) . Importantly, detailed study of the neurobiology and neuropharmacology of these particular molecular targets as they relate to the above psychiatric indications has been minimalFat least as far as NIH-funded research is concerned. Indeed a search of the NIH CRISP database reveals only two RO1-type grants linking the melatonin system with depression, none linking NK-3 receptors and schizophrenia, and only three RO1 grants linking mGluRs and anxiety or schizophrenia. This is disappointing in light of the critical need for NIH-funded scientists to translate such fundamental neuroscience discoveries to more detailed understanding of drug effects on brain systems, as a bridge to help further our understanding of human diseases.
The Problem of the Gap Between Traditional Academic Science and Industrial Drug Discovery
A major challenge facing today's biomedical research community is the translation of newly gained knowledge into fundamentally new therapeutics. The complexity of this task requires the combined efforts of outstanding scientists, engineers, and clinicians with strong expertise in a broad range of disciplines. Traditionally, the National Institutes of Health and academic institutions support basic biomedical research, while industry supports commercial development of medicines and medical products. While scientists in academic and other basic science settings have made significant progress in furthering our understanding in biology, chemistry, and related disciplines, they often fail to make the critical link that allows this information to be useful in an industrial setting. Likewise, fiscal pressures that govern research efforts in industry make it increasingly difficult for companies to invest significant resources in exploratory projects and basic research that capitalize on translating the most exciting discoveries of basic science into marketable products. Because of this, companies may be compelled to launch expensive drug discovery and development programs based on intriguing but often poorly validated targets for novel therapeutic approaches.
Not surprisingly, CNS drug discovery has, historically, been designated as an extraordinarily risky endeavor. To gain further insight into the reasons for failure and success in CNS drug discovery, we focused on three target areas: schizophrenia, depression, and anxiety and examined the success rate for drugs that had entered at least the later stages of preclinical research. A total of 494 compounds (140 antipsychotic; 211 antidepressant; 143 anxiolytic) were initially classified based on their known molecular target(s) and then evaluated using three overall criteria: (1) type of preclinical validation, (2) whether or not preclinical studies predicted clinical efficacy, and (3) whether the compound was of greater efficacy than 'conventional treatment' (see Tables 1-3 for details) . Of these 494 compounds, only 51 have been launched, although many others are in late phase clinical trials. Results from each therapeutic area will be summarized in turn.
For the treatment of schizophrenia, we found that preclinical models were highly effective at predicting whether or not a candidate molecule would have 'atypical' properties (ie produce fewer EPS than a conventional antipsychotic drug, such as haloperidol). On the other hand, the various preclinical models were only fair at predicting overall efficacy and ineffective at predicting efficacy greater than conventional treatment. Thus, some classes of compounds (eg s1-, D1-, and D4-selective compounds) were predicted by several preclinical animal models to be effective, but were subsequently found to be ineffective in humans. Finally, it was clear that 'multireceptor' compounds were uniformly more effective than 'single-target' compounds for treating schizophrenia and related disorders, at least for compounds that target monoamine receptors (Roth et Hudzik Tatarczynska et al, 2004; Dingemanse, 2003; Overstreet and Griebel, 2004; Ovalle et al, 2002; Matsuno et al, 1996; Saccomano et al, 1991; Zhang et al, 2002; Bourin et al, 2005; Zocchi et al, 2003. http://www.sanofi-aventis.com/Images/101_17242.pdf; Cooper et al, 1980; Yilmaz et al, 2002 . A total of 211 compounds evaluated; 30 launched (20 SSRI/SNRIs); ECT, nonselective MAOIs, and, possibly, ketamine, Agomelatine, and mefipristone are superior to TCAs clinically. SNRIs generally 4SSRIs and equal to TCAs. Available preclinical models good/excellent at predicting clinical efficacy but are ineffective at predicting (a) speed of action and (b) overall efficacy. Novel antidepressants with potentially greater efficacy (NMDA antagonists, glucocorticoid antagonists) not predicted by preclinical tests to be effective. A total of 143 compounds evaluated; 13 launched: 2 ¼ 5-HT 1A , 1 ¼ 5-HT 2A , 1 ¼ CRF modulator, rest BZP (Risbrough et al, 2003; Moret, 2003; Clark et al, 2004; Griebel et al, 1997a Griebel et al, , 1997b Griebel et al, , 2002 Kita et al, 2004; McKernan et al, 2000) . Preclinical models excellent at predicting in vivo anxiolytic actions and at predicting BZP-like side-effects. Many intriguing targets; no assays yet available which predict greater efficacy than diazepam in humans. Selected references. Audinot V, Newman-Tancredi A, Gobert A, Rivet JM, Brocco M, Lejeune F, et al. (1998) Rankovic, 2005). Because it is difficult to 'design-in' the preferential ability of a drug to hit multiple identified molecular targets, we and others have suggested that novel chemical scaffolds and novel chemistries should be attempted to generate 'multireceptorial compounds'. In terms of the levels of preclinical validation, one of the most novel compoundsFthe NK-3 antagonist osanant, appears to have been minimally validated (Gueudet et al, 1999) , despite showing efficacy in a phase IIb clinical trial . Recent phase II clinical studies demonstrating the efficacy of selective mGlu2/3 agonists for schizophrenia (Patil et al, 2007) illustrate a major example whereby preclinical models successfully predicted efficacy for compounds that act by a novel mechanism of action (Moghaddam and Adams, 1998) . It is encouraging that mGlu2/3 receptor agonists have robust efficacy in several animal models that were originally developed based on actions of D2 and other monoamine receptor antagonists, despite their lack of appreciable activity at the monoamine receptors (Moghaddam and Adams, 1998; Chavez-Noriega et al, 2005) . Unfortunately, none of the available animal models reproducibly predicts the propensity of various antipsychotic drugs to induce weight gain and associated side effects, although this can be predicted based on a knowledge of in vitro receptor pharmacology (Kroeze et al, 2003) . Finally, in terms of the domains of efficacy (eg improving cognition, diminishing suicidality, diminishing deficit symptoms), none of the commonly used animal models are highly predictive, although preclinical memory models may be useful for predicting the ability of selected agents to enhance cognition, and receptor-based studies might predict whether or not a compound may diminish suicidality. Thus, for instance, the M1-muscarinic agonist properties of N-desmethyl-clozapine (Sur et al, 2003; Davies et al, 2005) are predictive of the procognitive actions of clozapine. These findings imply that M1-agonists might be useful as 'add-on medications' for enhancing cognition. For antidepressant drug development, several conclusions were evident. First, none of the newer therapeutics launched in the past decade has proven to be more effective than tricyclic antidepressants. As well, although SSRIs are better tolerated (Anderson, 2001) they may be associated with an increased risk of suicidality (Wong et al, 2004) . Second, available preclinical models are only 'adequate' in predicting overall clinical efficacy and are inadequate at predicting efficacy greater than a standard comparator (eg fluoxetine or imipramine). Finally, compounds with complex modes of action that interact with multiple molecular targets appear to have greater efficacy in humans than single-target agents. A close examination of preclinical validators reveals that older preclinical models of antidepressant drug action, such as the forced swim test, appeared to be at least as effective at predicting clinical efficacy as more recent innovations, including the reversal of learned helplessness and induction of BDNF gene transcription (see Table 2 ). Intriguingly, two drugs that have shown preliminary potential to have efficacy (agomelatine and mefipristone) would not have been predicted to have antidepressant actions based on the current dogma nor the prevailing animal models. Indeed, agomelatine has recently been shown in a large-scale placebo-controlled trial to be effective and, perhaps, to have greater efficacy in individuals with severe depression (Kennedy and Emsley, 2006) . Additionally, ketamine, an NMDA receptor antagonist, has been shown in multiple anecdotal and two randomized trials to have efficacy in depression (Kudoh et al, 2002; Berman et al, 2000; Zarate et al, 2006) . Importantly, ketamine and other NMDA receptor antagonists do have activity in some animal models predictive of antidepressant activity, such as the forced swim test (Garcia et al, 2007; Maj et al, 1992; Trullas and Skolnick, 1990) . However, until clinical evidence for ketamine efficacy began to emerge, these studies did not lead a focus on NMDA receptors as a target for antidepressant medications. Taken together, these results imply that continued research is needed in order to create new preclinical models that might be effective at predicting overall efficacy in humans.
For anxiolytic drug discovery, the outlook is only marginally different, although the preclinical models (in aggregate) appear to be highly effective at predicting human efficacy and side effect potential. Thus, mGluR2/3 agonists, for example, could become effective anxiolytics devoid of many of the side effects associated with the benzodiazepines (Grillon et al, 2003) .
A major critique of current drug discovery approaches is that since the underlying causes of major mental illnesses remain incompletely understood, adequate treatments cannot be developed. It has thus been proposed that an enhanced understanding of the genetic basis of diseases such as schizophrenia will reveal validated molecular targets for drug discoveryFeven if the genes identified confer only a few percent to the overall risk of schizophrenia (Insel and Collins, 2003) . Unfortunately, discovery of susceptibility genes for even the genetic basis for clearly inherited disorders often does not immediately lead to identification of a clear drug target. Recent success in discovery of mutations responsible for or involved in multiple CNS disorders, such as Huntington's disease, Parkinson's disease, and others, have been disappointing in their failure to provide direct insights into novel approaches for development of therapeutic agents. However, in other cases, clear drug targets may arise from understanding disease susceptibility genes and increased understanding may ultimately help guide patient selection for clinical studies, biomarker discovery, and eventual identification of novel targets that are involved in a pathway uncovered by genetic studies. For schizophrenia, DISC1 (disrupted in schizophrenia1; Millar et al, 2000) has emerged as a major risk factor for schizophrenia in cases of familial schizophrenia and bipolar disorder (Macgregor et al, 2004) , although these findings have not been uniformly replicated in larger population-based studies (see Thomson et al, 2005; Zhang et al, 2005) . In humans, variation in DISC1 is statistically associated with hippocampal structure and with overall cognition and memory functioning (Callicott et al, 2005; Hennah et al, 2005) .
Recent studies indicate that the RNAi-mediated knockdown of DISC1 in utero induces a dysregulation of cortical development (Kamiya et al, 2005) Fa result consistent with the neurodevelopmental hypothesis of schizophrenia (Harrison and Weinberger, 2005) . This hypothesis posits a neurodevelopmentally induced alteration in the microcircuitry of the cerebral cortex with a prominent role for alterations in glutamatergic and GABAergic neuronal signaling (Lewis and Lieberman, 2000; Costa et al, 2002) Fperhaps via epigenetic mechanisms (Tremolizzo et al, 2005; Veldic et al, 2005) . The view that schizophrenia is a neurodevelopmental disorder is not uniformly accepted and schizophrenia does not have the characteristics of a classical developmental disorder. However, if schizophrenia and related disorders do have a neurodevelopmental component, due in part to both inherited genomic alterations in DISC1, dysbindin and COMT (Gornick et al, 2005) , and epigenetic genomic alterations in reelin and GABAergic neuronal markers Goldberger et al, 2005; Grayson et al, 2005) , effective treatment strategies should target the underlying deficits. If the underlying defect is principally due to developmentally encoded deficits in microcircuitry, then obvious pharmacological strategies would be to ameliorate these deficits (see below for examples). On the other hand, if the deficits are due to abnormal migration of cortical neurons and subsequent dysregulation of cortical development, it may be impossible to ameliorate such deficits via simple pharmacological approaches. Finally, as has been shown for epigenetically induced alterations in reelin promoter hypermethylation, histone deacetylase inhibitors such as valproic acid (Phiel et al, 2001 ) can ameliorate hypermethylation and normalize cognitive deficits in some animal models of schizophrenia (Tremolizzo et al, 2005) .
Recommendations
Encourage random small molecule-based screening and chemical optimization in academic settings. Historically, academic scientists have depended heavily on the drug discovery efforts carried out in industry to provide small molecules needed to dissect the functional roles of key proteins in biological systems. However, to remain viable, companies must focus on the most developed and validated approaches for drug discovery programs, so that small molecules having actions on the most novel but highly speculative new targets are not included in their efforts. Thus, industry scientists cannot be expected to provide all of the reagents required for developing basic understanding of biological systems that may ultimately lead to novel therapeutic approaches. In addition to advances in basic biology, we have realized tremendous advances in combinatorial chemistry, development of large libraries of small molecules, and other approaches to high throughput synthetic chemistry. These libraries are now widely available to the research community, and new high-throughput screening technologies have been developed that allow more widespread mining of the libraries. The combination of high throughput screening and synthetic chemistry provides an unprecedented opportunity for NIH-funded investigators to engage in discovery and development of small molecule probes of biological pathways. These probes could provide the tools needed to directly test the hypothesis that druglike molecules can be developed that interact with a novel target of interest and have the effects that were predicted by molecular and genetic studies. Such advances could provide Opportunities and challenges of psychiatric drug PJ Conn and BL Roth a major step in discovery of novel therapeutic agents by helping to identify the most viable approaches for further investment in an industrial setting. It has been proposed that initiatives like the NIH Molecular Library Screening Centers Network (MLSCN) will speed discovery for novel therapeutic approaches by providing validated molecular probes for preclinical research (Austin et al, 2004) . As has acknowledged by proponents of the MLSCN (Austin et al, 2004; O'Connor and Roth, 2005) , however, because of the enormous costs associated with drug discovery and development it is unlikely that new therapeutic agents will arise as a direct result of these screening efforts. One of the criticisms of this effort has been that even the development of 'molecular probes' will be impossible in an academic setting because HTS hits rarely provide useful information and the large costs associated with generating suitable 'leads' (currently estimated at $3-5 million in the private sector) make this untenable except in an industry setting. However, this cost is greatly impacted by the drug discovery rather than basic science mission in the pharmaceutical industry and the strict focus on optimizing hits that can ultimately be developed into therapeutic agents. There are multiple examples of primary HTS hits providing novel insights into new areas of biology that stimulate subsequent drug discovery efforts. For instance, Varney et al (1999) discovered SIB1757, a primary HTS hit, as the first highly selective antagonist of the metabotropic glutamate receptor mGluR5. This revealed a novel allosteric mechanism for developing antagonists of this and other GPCRs and stimulated focused efforts in a number of pharmaceutical companies that yielded highly potent in vivo active antagonists of this receptor. More recently, we reported discovery of DFB as a novel allosteric potentiator of mGluR5 . DFB was a primary screening hit that represented the first highly selective activator of this receptor subtype and provided important proof of concept at the molecular level for a novel approach to activating this and other GPCRs. This discovery stimulated further efforts that have led to discovery of other series of mGluR5 potentiators, which have now been shown to have antipsychotic-like activity in animal models (Kinney et al, 2005) . In a related program, PHCCC was identified as a novel allosteric potentiator of mGluR4 (Marino et al, 2003; Maj et al, 2003) . This primary screening hit was used for demonstration that allosteric potentiation of this receptor regulates transmission at an identified synapse in the basal ganglia and has antiparkinsonian effects in rodent models (Marino et al, 2003) .
Another recent example of major new insights offered by primary HTS hits includes the discovery AC42 as a novel 'ectopic' site agonist that has unprecedented selectivity for the M1 muscarinic receptor (Spalding et al, 2002) . In each of these cases, these initial HTS hits were not viewed as drug leads but provided the first selective agents in their class and provided important proof-of-concept data at molecular, cellular and, in some instances, behavioral levels that have stimulated further research in both academic and industry settings.
In addition, while academic laboratories do not have the resources needed to drive full industry-level lead optimization efforts, modest medicinal chemistry in academic laboratories can stimulate broader discovery efforts. For instance, we have now used medicinal chemistry to develop nM potency allosteric potentiators of mGluR5 from our initial hits and used these compounds to better understand the molecular mechanisms of action of these allosteric potentiators Chen et al, 2007) . Furthermore, based on our new understanding of allosteric regulation of GPCRs, we and our collaborators used synthetic chemistry around established mGluR5 antagonists to develop novel partial antagonists of this receptor (Rodriguez et al, 2005) . These compounds are not viewed as drug leads, but provide the first demonstration of 'partial antagonists' of a GPCR. This is an activity that is clearly distinct from partial agonists at traditional orthosteric sites and provides molecular proof of concept a novel approach to GPCR modulation that may circumvent common problems with traditional antagonists, partial agonists, or inverse agonists.
In addition, we have used medicinal chemistry around known 5-HT receptor ligands to develop novel 5-HT 2C receptor agonists that have activity in rodent models of obsessive-compulsive disorder and obesity (Sard et al, 2005;  and Sard et al, US patent submitted) and subhuman primate models of drug addiction (Rothman et al, 2005) . In each of these examples, the basic science goals provide the ability to pursue compounds that may not receive attention in a drug discovery setting and allow proof-of-concept advances at costs considerably less than that required for development and characterization of drug leads or execution of full lead optimization efforts.
Encourage research into basic mechanisms of drug toxicities and side effect liabilities. Both industry and academic investigators are increasingly engaged in tackling the other critical issues inherent in modern drug discovery. A major example that deserves increasing attention is studies aimed at early predictions of drug toxicity and side effects. While this is clearly a major focus for many companies, it will be important for the biomedical community at large to engage more fully in this important endeavor. For instance, can we predict if a drug will have unforeseen toxicities or intolerable side effects? Rather than gaining answers to these questions at the end of a billion dollar program, the most talented basic and clinical scientists should develop biomarkers and screening assays that reliably predict toxicity. An excellent example of how this can be accomplished is the discovery that the 5-HT 2B serotonin receptor is the likely culprit responsible for the valvulopathy and pulmonary hypertension induced by the 'fen/phen' combination (Rothman et al, 2000; Launay et al, 2002) . The 'fen/phen' case study is a highly pertinent example because it was (1) unexpected and (2) has resulted in the largest class-action suit against a pharmaceutical company to date ($26 billion thus far). In this instance, we and others were not only were able to identify the molecular target responsible for the side effects of fenfluramine, we were also able to accurately predict that medications that were 5-HT 2B agonists would have valvulopathy as an unexpected side effect (Rothman et al, 2000; Fitzgerald et al, 2000) . Subsequently, we and others identified several approved medications as potent 5-HT 2B agonists (eg pergolide, cabergoline, dihydroergotamine; Newman- Tancredi (Roth, 2007) . Pergolide was recently withdrawn from the market by the US FDA while cabergoline was given a black-box warning.
Another issue relates to the possibility that metabolites may have unexpected toxicities not likely to be identified using conventional preclinical toxicology models. A highly relevant example is that of 'fen/phen'-induced cardiac valvulopathy and pulmonary hypertension. In this case, it is now clear that norfenfluramineFthe active metabolite of fenfluramineFis responsible for both valvular heart disease (Rothman et al, 2000; Fitzgerald et al, 2000) and pulmonary hypertension (Hong et al, 2004; Setola et al, 2003 . Additionally, it is now clear that a minor metabolite of methysergideFmethyergonovineFis the likely cause of methysergide-induced valvular heart disease (Setola et al, 2003; Roth, 2007) .
From a more global perspective, we and others have recommended the screening of large libraries of medications and their metabolites at panels of 'druggable targets' in the genome and then deconvoluting this information to discover the molecular targets responsible for serious side effects (Armbruster and Roth, 2005; Fliri et al, 2005a, b; . Recently, a group at Pfizer has provided an elegant proof of concept of this approach using both a chemical and informatics approach to provide structure-activity information for accurate side effect predictions (Fliri et al, 2005a, b) . We have also used this approach to discover cyproheptidine and mirtazepine as candidate medications for Tysabri-and HIV-induced progressive multifocal leukoencephalopathy (Elphick et al, 2004; O'Connor and Roth, 2005) .
Obviously, other approaches toward discovering and predicting toxicities should also be pursued using the combined resources of the public and private sectors. The C-Path Organization (http://www.c-path.org/), an outgrowth of the FDA's critical path initiative, is a pertinent example, which proposes accelerating the accumulation of information related to the pharmacogenomics of drug actions and toxicities. It is likely that an enhanced understanding of the pharmacogenomics of drug actions may lead to the discovery of novel candidate molecular targets for psychiatric drug actions. Thus, if certain subpopulations show altered responses to a particular medication, this could be due to polymorphisms in a molecular target responsible for a particular drug's action. Such a discovery could lead to a novel molecular target for psychiatric drug discovery. Although this is in theory a highly promising approach, we are unaware of any successes using this approach to discover novel candidate medications for psychiatric drug discovery.
More focus on target validation at every step in the drug discovery process. Often, major drug discovery programs are launched and proceed through the lead optimization, preclinical development, and early clinical development based on minimal target validation. This places too little focus on continued target validation throughout the drug discovery and early clinical development process. Instead, we should focus major effort on continually validating a target at every step in the process (see diagram). Industry scientists participate in every phase of this process and many companies now demand increasing levels of validation as better tools are developed at each step of a program. While individual academic scientists cannot span all of these aspects of increasing levels of target validation, the areas in blue in this diagram are areas where we believe NIH funded scientists should be more aggressively involved in contributing to the drug discovery process, especially by focusing their talent on target validation (Figure 1) .
The availability of screening centers in academic and other nonprofit institutions provides an unprecedented opportunity for academic scientists to provide the earliest possible validation at a molecular level by determining whether drug-like molecules can be developed that interact with a novel molecular target and whether this interaction has relevant actions in vitro and in some cases in animal models predictive of clinical efficacy. Obviously, a fundamental issue to be addressed regarding small molecule ligand discovery relates to having in place sufficient resources to follow-up on initial 'hits' from HTS campaigns to provide quality 'leads'. This includes not only teams of dedicated medicinal chemists but also appropriate resources for selectivity screening to verify the selectivity (or lack thereof) of the potential 'lead-like' compounds. It is well appreciated in both industrial and academic-based screening that follow-up chemistry and screening frequently requires a greater investment in money and personnel than that associated with identifying 'hits'. One of our formal recommendations (see below) relates to an opportunity for enhanced investment by the NIH for synthetic organic and medicinal chemistry programs. Currently, the NIGMSfunded Centers for Molecular Library Development and the pan-NIH-MLSCNs serve as model systems for how such programs might be initiated. In terms of selectivity screening in the public sector, programs such as the NIMH Psychoactive Drug Screening Program provides comprehensive selectivity screening similar to that provided by an increasing number of vendors such as Cerep and MDS Pharma, and many others that represent excellent models for this critical effort. Explore early stage targets and concepts that are not ready for full drug discovery efforts. Establish needed assays and reagents As leads are optimized, further refine and rigorously test hypotheses. Aggressively work to verify occupancy of target so that lack of effect in vivo can be interpreted.
Proof of concept hypothesis testing in the clinic.
Develop approaches to increase confidence of target occupancy in patients.
Take advantage of existing pro of of concept compounds to test innovative hypotheses.
Develop Initial leads and proof of concept compounds. Use these to test hypotheses regarding biological effect of small molecule acting at that target. Figure 1 Major steps in the drug discovery and development process. Target validation should be a major focus at multiple steps where increasingly refined tools allow more rigorous validation of novel targets in more complex systems. The steps shaded in blue are steps where academic scientists can contribute at some level to drug discovery and development.
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Another major focus should be on early proof-of-concept studies in man. In many cases, proof-of-concept studies can be achieved with compounds unsuited for large-scale use in humans because of bioavailability and pharmacokinetic considerations. Obviously, such studies should never be considered when pharmacokinetic shortcomings prevent confidence that the drug reaches the target tissue and occupies its molecular target. However, there are instances when this condition can be satisfied and meaningful proofof-concept studies conducted well before optimization of a compound with all of the properties desired for maximal market penetration (ie high oral bioavailability, single daily dosing, etc). This is especially true when long-term chronic dosing is not required and proof-of-concept studies can be performed in relatively short-term clinical studies. Because of the inherent costs associated with such proof-of-concept studies, it is likely that most studies will be initiated in industry settings, although public-private collaborative efforts might be highly fruitful. A way in which this could be done is the TURNS (treatment units for research on neurocognition in schizophrenia) program which aims to provide proof-of-concept studies for potential cognitionenhancing agents for schizophrenia. If the therapeutic concept was proven, this would stimulate further optimization, discovery, and clinical development efforts by commercial entities. A more pertinent example of how this can be done relates to the discovery by Golde and colleagues (Eriksen et al, 2003) that enantiomers of flubriprofen were identified as g-secretase inhibitors. Indeed, the R-enantiomer was shown to inhibit g-secretase while not targeting cyclooxygenase. The active enantiomer was subsequently patented (US Patent 6, 911, 466), licensed to Myriad Genetics for clinical trials and has now shown efficacy in a proof-of-concept phase 2 trial for Alzheimer's disease (http://www.myriad. com/alzheimers/phase2_ad.php).
Identification and validation of novel targets through bedside-to-bench research. In addition to a critical focus on bench-to-bedside translational research, we encourage renewed commitment of basic scientists to 'bedside-tobench' research. Increased efforts should be focused on determining the mechanisms of action of agents with demonstrated clinical efficacy but no known molecular or cellular targets. As discussed above, drugs currently available for treatment of multiple psychiatric disorders began with the serendipitous discovery of clinical efficacy. In the past, this was followed by focused effort by multiple academic and industry laboratories to determine the molecular targets of these medications. Understanding these clinically validated molecular targets fueled the original discovery of the current medicines that represented significant improvements relative to the original drug in a class (Ayd, 1991) .
There are multiple modern examples of drugs with established efficacy for CNS disorders that provide opportunities for the identification of (presumably) novel but prevalidated molecular and cellular targets (O'Connor and Roth, 2005) . One very recent example of this approach is the discovery that the anxiolytic agent fenobam is a potent antagonist of the mGlu5 subtype of metabotropic glutamate receptor (Porter et al, 2005) . Fenobam was previously shown to have clinical efficacy as an antianxiety agent but had an unknown mechanism of action (Pecknold et al, 1982) , a finding consistent with a growing body of literature showing that mGluR5 blockade is anxiolytic (Swanson et al, 2005) .
Multiple additional examples exist for gaining insights into novel targets through investigation of clinically active compounds including various antiepilepsy medications used as mood stabilizers (eg valproic acid, lamotrigine, and carbamazepine; Quiroz et al, 2004) and modafinil, a nonstimulant drug for treatment of excessive daytime sleepiness and possible efficacy in treatment of ADHD (Pliszka, 2003) . Parallel approaches should be employed in uncovering unknown mechanisms of action of known drugs, including phenotypic cell-based assays and molecular target-based approaches (O'Connor and Roth, 2005) . One approach that has promise for these efforts is mining the receptorome, or broad screening of the effects of a clinically active compounds against a broad array of potential drug receptors (Armbruster and Roth, 2005) . As previously mentioned, we and others have proposed that comprehensively screening the 'druggable genome' (Hopkins and Groom, 2002 ; o3000 molecular targets) using an array of approved medications, metabolites and candidate medications would likely lead to insights into many of the molecular targets responsible for the efficacies and side effects of drugs in humans (O'Connor and Roth, 2005; Fliri et al, 2005b) .
New Opportunities for Breakthroughs in Psychiatric Drug Discovery
While there are no modern examples of novel approaches for the treatment of psychiatric disorders that offer the level of certainty that comes from refinement of an agent or mechanism that has been in wide clinical use with known efficacy, there are multiple examples of opportunities for fundamentally new approaches to treatment of CNS disorders that have been validated at some level in clinical studies or are soundly based on our understanding of the pathology of a disorder in humans. While extensive discussion or even listing of each of these novel approaches is beyond the scope of this review, there are several opportunities that have some level of clinical validation that may be especially promising. These include agonists or allosteric potentiators of mGluR2/3 metabotropic glutamate receptors (Swanson et al, 2005) or antagonists of mGluR5 (Porter et al, 2005) for treatment of anxiety disorders. Indeed, the approach of developing allosteric modulators of receptors is one likely to yield many novel agents for psychiatric drug discovery. Also, there are multiple new targets for treatment of negative symptoms or cognitionenhancing agents for schizophrenia that deserve focused attention, including M1 and/or M4 muscarinic receptor activators (Dean et al, 2003; Sur et al, 2003) ; subtypeselective nicotinic agonists (Martin et al, 2004) , D1 dopamine receptor agonists (Goldman-Rakic et al, 2004) ; regulators of NMDA receptor function (Coyle and Tsai, 2004) ; and 5-HT6 receptor antagonists (Roth et al, 2003) to name but a few.
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In addition, the growing evidence that action at multiple targets is required for full efficacy of many of the most successful drugs used for treatment of multiple CNS disorders (Frantz, 2005; makes it imperative that we focus on developing new approaches for rational design of multitarget compounds using novel chemistries and scaffolds. The rational design of multitarget drugs has recently been highlighted as an area of significant growth in medicinal chemistry and drug discovery (Morphy et al, 2004; Morphy and Rankovic, 2005; Frantz, 2005; Csermely et al, 2005) .
As is the case with all small molecule-based drug discovery efforts, unexpected metabolites of the parent compound may display distinct multireceptorial profiles and differential receptor efficacies. A pertinent case in point is that of clozapine and N-desmethyl-clozapine, which display substantial differences in efficacies toward various biogenic amine receptors. Thus, for instance, N-desmethylclozapine is a potent partial agonist at M1-, M3-, and M5-muscarinic receptors while clozapine is generally considered to be an antagonist at these sites (Sur et al, 2003; Weiner et al, 2004; Davies et al, 2005) . Additionally, N-desmethyl-clozapine has recently been demonstrated to be a partial D2-and D3-agonist, while clozapine is a weak inverse agonist (Burstein et al, 2005) .
While progress in developing fundamentally new approaches to treatment of psychiatric disorders over the past three decades has been slow, evaluation of the current landscape of drug discovery in this arena is very encouraging. There has been an increasing number of translational and clinical studies over the past decade that are yielding promising results for therapeutic utility of some of the novel approaches that are being explored. These studies suggest that we may soon witness the benefit of our investments in postgenomic approaches. As we move forward in pursuing the high priority examples of novel but clinically validated approaches, it will be important to continue an emphasis on proof-of-concept studies with compounds with novel mechanisms of action. Also, we must continue to develop and validate animal models that predict enhanced efficacies as well as biomarkers for disease treatments and side effect liabilities. 
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